Abstract-A tunable transformer-based Q-enhancement method for monolithic inductors used in parallel resonant LC tanks is presented. The Q of the inductor that forms the transformer primary is enhanced by cancelling the voltage drop across the series loss resistance of the primary with a voltage of opposite polarity that is induced by a current in the secondary. The circuit allows dc voltage control of Q-enhancement. Techniques to address stability issues associated with the positive feedback are described. The circuit was fabricated in 0.18-um CMOS and the performance was verified experimentally.
I. INTRODUCTION
T HE GROWTH of modern communications systems operating at radio frequencies has led to the development of highly integrated transceivers. One of the factors limiting the integration of RF transceivers is the low quality of the passive components in commercially available IC processes. An important example of this is the limited integration of RF filters because the quality factor of monolithic spiral inductors is very low. These inductors are inherently lossy due to ohmic losses in the metal traces and due to substrate resistance and eddy currents. This problem has been addressed by using various passive methods such as patterned ground shields and geometry improvements [1] , [2] , but the Q factor of integrated inductors is still generally limited to a value less than 20 [3] in standard RF-CMOS processes. To realize acceptable monolithic filters requires inductors with significantly higher-Q factors [4] . Many active circuits that realize inductive impedance characteristics have been proposed as a solution to the problem. The inductance realized by these circuits is proportional to a capacitance and inversely proportional to the square of a transconductance, necessitating relatively high-bias currents to achieve small inductance values at RF. This results in significant power consumption and noise. A third solution is to enhance the Q of lossy integrated inductors with an active circuit. Many active Q-enhancement techniques that use positive feedback to generate a negative re- sistance that cancels the inductor loss resistance have been proposed [5] , [6] .
Transformer based Q-enhancement techniques have demonstrated good performance at radio frequencies [7] - [9] , [4] . The principle of these techniques is illustrated in Fig. 1 . By inspection (1) where is the mutual inductance between the windings and k is the coupling coefficient. In order for the input impedance of the circuit to be purely inductive,
. Previous authors have shown that an appropriate choice of will cancel the loss and enhance the inductance. At RF frequencies, the primary goal is to cancel the loss. Setting results in , which corresponds to a lossless inductor of value . The required secondary current is (2) Rewriting with results in
For a unity turns ratio transformer, and . Then (3) reduces to (4) where is the uncompensated quality factor of the primary and secondary inductors. From (3) it can be seen that is a current that is in phase with the primary voltage and can be readily implemented in circuit form at radio frequencies. The idea was described by Pehlke et al. using external instrumentation in 1997 [7] . A novel implementation using a pMOS current mirror to drive the secondary was proposed by Wu [8], which requires an additional phase-shifting capacitor and has some added noise from the mirror transistors. An implementation in a bootstrapped LNA application was described by Albertoni et al. [9] . The circuit achieved a maximum Q of 30, and was fabricated in a bipolar process. Soorapanth and Wong [4] suggested an implementation that used a capacitor in series with the primary such that the required current in the secondary was proportional to . This implementation makes the compensating induced voltage in the primary independent of frequency, a result that is useful in filter applications where a flat passband is desirable. The series-resonant LC circuit in the implementation proposed in [4] requires a particular filter topology. This paper describes a tunable implementation of the Q-enhancement method with low transistor count, applied to parallel resonant tank circuits. Noise, distortion, and stability are addressed. The tunable enhanced resonant tank allows the exploration of new active filter topologies.
II. CIRCUIT IMPLEMENTATION
The circuit implemented in this work is shown in Fig. 2 . The compensating current, , in the secondary is generated by the M1-M2 FET circuit, which is driven by the input voltage, . M1 operates in triode, and the gate voltage of M1 is used to control the amount of Q-enhancement.
A detailed analysis of the electrical behavior of the circuit including all transconductances, output conductances and parasitic capacitances is complex. In order to obtain a physical appreciation of circuit behavior, we assume that and ignore the effects of and . We have found that this approach adequately models the first order behavior of the circuit.
With these assumptions, the compensating current is given by (5) Summing currents at the node gives (6) From (6) the input impedance of the resonant tank is (7) where (8) From (7) it can be shown that the compensated Q factor is approximately given by (9) where . For infinite Q at (10) Compensation of the voltage drop across the loss resistance of the primary is exactly correct only if (3) is satisfied. The general behavior of the compensated Q of the circuit can be analyzed by using an error factor, , in the secondary compensating current (11) When , the Q of the compensated inductor is infinite. When , it can be shown that (12) Fig. 3 shows a plot of versus for a transformer with uncompensated primary and secondary Q factors of 8. It can be seen that the enhanced Q is still fairly high for a 10% error in the compensating current.
From (12) , it can be seen that Q can be made negative if , allowing other losses to be compensated if they appear in parallel with the transformer primary coil. Fig. 4 . S11 of Q-enhanced parallel resonant tank: S11 A: the enhanced Q is low and the circuit is stable, S11 B: the enhanced Q is very high and jS11j < 1 at ! but the circuit may have a stability issue due to nonlinear effects, S11 C: jS11j > 1 at ! and the circuit will oscillate.
A. Stability Analysis
The use of positive feedback to compensate the loss resistance of an inductor can result in potential instability depending on the circuit terminating impedances. In addition, process and temperature variations will result in shifts in the enhanced Q of the circuit requiring additional self-tuning circuitry to compensate for these variations. If the circuit is employed in a filter, the filter might be stable even though the unloaded tank has an input reflection coefficient greater 1. In order to make sure the circuit is stable for all terminating impedances with input reflection coefficients less than 1, it is enough to ensure that the magnitude of the input reflection coefficient associated with the unloaded tank is less than 1 for all frequencies.
From (7) using a linear analysis the circuit will be stable provided that (13) If a more complete high-frequency model of the circuit is used, then the Nyquist criterion or the Smith Chart can be used to analyze the stability of the circuit. In terms of the Smith Chart, oscillation of the unloaded tank will occur if the absolute value of the input reflection coefficient, at as shown in Fig. 4 .
The condition described in (13) assumes linear behavior of the feedback circuit. Several nonlinear effects may occur in practice. If the enhanced Q is sufficiently high, can be less than 1 at but greater than 1 for some frequency greater than because the compensating voltage in the primary is proportional to . In this case, the circuit may oscillate due to nonlinear effects even though the linear stability condition is satisfied.
Nonlinear effects occur because of the variation of and at large signal swings. These variations cause to vary with the voltage across the tank, and can cause oscillation if a large signal is applied. We have found that this nonlinear effect may be mitigated by modestly increasing the loss resistance of the secondary coil, without sacrificing Q tunability and enhancement.
Oscillation may also occur if the tank is reactively loaded such that the resonant frequency increases to a value where . The stability problem due to the frequency dependence and the nonlinear nature of the positive feedback can be addressed by using various techniques. One such technique is to resonate the secondary inductance with a parallel capacitor, as shown in Fig. 5 . This reduces the amount of small signal compensating current flowing through the secondary inductor at high frequencies so that the amount of loss compensation at high frequencies is reduced, stabilizing the circuit. While this allows the circuit to be stabilized, it has a significant effect on the resonant frequency of the primary tank. If the enhanced Q is high then a good approximation of the resulting resonant frequency of the primary is (14)
It should be noted that the transformer parasitic capacitances and the drain-bulk capacitance of M2 are considered, when choosing C1 and C2. In practice the transistor drain-bulk capacitances have a negligible effect on circuit performance, but the parasitic transformer capacitances can be significant.
An alternative technique is to introduce a resonant tank in the source of the triode FET, M1, as shown in Fig. 6 . This stabilizing tank circuit is designed to resonate at a frequency higher than the primary resonance, so that the follower gain, and the corresponding compensating current are reduced at frequencies above the primary resonance. The stabilized plots using each of the two proposed stabilization methods are shown in Fig. 7 .
B. Noise Analysis
To facilitate a theoretical noise analysis of the circuit, an appropriate noise model for the FETs is required. There is signif- icant literature on the topic. An accepted expression for FET thermal drain noise current is [10] (15) where is the drain-source conductance at zero and is chosen empirically to match the observed noise behavior of a given fabrication process. Quite often circuit simulators replace with , which is strictly valid only for long channel devices. Theoretically, for long channel devices. Recent work by Scholten et al. [11] suggests that may be close to even for short channel devices. Nicollini [12] has shown that the following expression agrees closely with measurements on long channel devices, and is in common use for Level 1 FET models in circuit simulators (16) In order to facilitate comparison of theory with simulation and to gain a physical understanding of the dominant noise sources and their functional dependence on circuit parameters, the Nicollini model is used in the following sections.
The noise voltage that appears at the input terminals of the tank across an arbitrary source resistance is of interest. Using superposition we analyze the contribution to this equivalent input referred noise voltage from each noise source in the circuit. The three main noise sources are the thermal noise of in the primary, and the thermal drain current noises of M1 and M2, taking the internal feedback into account. Once again, we neglect and for simplicity. For the case where there is no additional stabilization circuitry, we can neglect the thermal noise contribution from in the secondary because is zero.
The contribution of the thermal noise of may be analyzed using the circuit of Fig. 8(a) . The contributions of the thermal drain noise currents of M1 and M2 may be analyzed by examining Fig. 8(b) and (c), respectively.
The noise contributions of , M1, and M2 are shown in Table I , where
It should be noted that D tends toward a low value at resonance for high Q, so that the noise in the circuit at the resonant frequency is significantly increased as Q is raised.
The calculated noise contributions are plotted in Fig. 9 for the case where nH, pF, S, S, S, V,
. These results agree with simulated results using a simple lumped element transformer model and Level 1 FET models with . It can be seen that the main contributor to the total input referred noise is the triode FET, M1.
The maximum noise is of interest when considering the use of the actively compensated inductance in a circuit application. The worst case noise voltage across the tank will occur when . Using the equations in Table I , the peak noise due to M1, M2, and can be written in terms of the compensated Q factor, as
where K is a dimensionless constant given by
The terms inside the square root of (18) represent the peak noise contributions of M1, M2, and , respectively, as shown in Fig. 9 .
It was previously shown that the Q-enhancement circuit has a stability issue due to the frequency dependence of the positive feedback and two possible methods of stabilizing it were proposed 1) resonating the transformer secondary with a capacitor and 2) degenerating the source of M1 with a resonant tank. Resonating the secondary with a capacitor results in a total input referred noise similar to the case with no stabilization. When the secondary capacitance is present, the secondary loss resistance contributes to the input referred noise. However, to maintain the same resonant frequency, the primary capacitance is reduced. The net result is that the overall input referred noise does not change appreciably from the case when the secondary capacitor is not present. The simulated noise contributions of , M1, and M2 to the input referred noise voltage for the circuit with a resonated secondary with nH, fF, pF, S, S, S, V, are shown in Fig. 10 . The second proposed stabilization technique based on placing a resonant tank in the source of M1 does not change the input referred noise significantly near resonance because the impedance of the stabilizing tank is low, near the resonant frequency of the primary tank.
Although the above noise analysis uses simplified models to gain physical insight into the contributions of the various noise sources, a more complete noise modeling approach including all parasitics yields similar results. The peak noise in the detailed simulation is within 10% of that predicted by the simple analysis for the examples shown. It should be noted that in practice in (15) can be significantly higher than the Level 1 simulator model resulting in an increased noise level above that predicted by the Level 1 models.
C. Linearity Analysis
The main sources of nonlinearity in the circuit are the FETs M1 and M2. In addition to nonlinearities arising due to deviations from the ideal small signal behavior, further nonlinearities will occur when M1 is pulled into saturation and M2 into triode at large signal swings. This is due to the relatively high compensating current swings required in the secondary winding to attain high Q values. For a realistic case where nH, , and with the circuit operating at 1.6 GHz, the amplitude of the compensating current for a 100-mV input is 0.85 mA, according to (3) . The linearity may be improved if the quality of the transformer windings is good along with a good coupling factor.
The Q-enhanced inductor is a 1-port device, making it difficult to apply conventional measures of linearity such as IP3 and P1 dB, which are geared toward a 2-port system. The Q-enhancement circuit may be considered as a voltage input-current output device. In simulation, a measure of the linearity of the Q-enhanced inductor can be obtained by applying a voltage drive from a zero impedance source and observing the harmonic content of the input current. In practice, an ideal voltage source cannot be used to drive the tank and the harmonic content of the input current is difficult to measure directly. An alternative experimental method to measure the linearity performance of the circuit is described in Section III.
III. EXPERIMENTAL RESULTS
The circuit of Fig. 2 was implemented in a 0.18-m CMOS logic process with a low-resistivity epitaxial substrate. A logic process was selected for the implementation because the passive inductors fabricated using this process would have a very low Q in the range of 1 to 2, allowing the capabilities of the Q-enhancement method to be fully demonstrated. As this was a proof of concept of the tunable parallel resonant coupled inductor Q-enhancement method, and since there was no load defined for the circuit, no stabilization method was used in the actual circuit implementation. A die micrograph of the circuit is shown in Fig. 11 . The circuit consumes 5 mA from a V supply for a 5 mW total with V. The power consumption would be greatly reduced if the circuit was implemented on a low-loss nonepitaxial substrate. 
A. S11 Measurement
The input reflection coefficient of the Q-enhanced parallel resonant tank was measured using an HP8510 Network Analyzer and a Cascade Microtech Wafer Prober. Fig. 12 shows the measured and simulated S11 traces for different values of the enhanced Q, corresponding to different gate voltages applied to the triode FET, M1. Fig. 13 shows the measured absolute values of the tank input impedance for different values of the enhanced Q, corresponding to different gate voltages applied to the triode FET, M1. The simulated curves in Fig. 12 were generated using a full layout simulation of the passive components, including the pads, the transformer, and the interconnects in HP ADS Momentum, a 2.5D electromagnetic modeler. The discrepancy in the measured and the simulated results is primarily due to the lack of an accurate substrate model for the CMOS logic process that was used to fabricate the circuit. However, the tunable Q-enhancement is clearly demonstrated, with Q approaching infinity for V. 
B. Noise Measurement
The measurement of the input referred voltage noise of the parallel resonant tank with a Q-enhanced inductor posed a problem because of the 50-measurement environment. Loading the high impedance Q-enhanced tank with 50-degrades the Q and attenuates the input referred noise to a level where it is difficult to make a meaningful measurement. To address this problem, an external bipolar common emitter buffer amplifier with 50-output impedance was placed between the tank and the spectrum analyzer used to measure the noise. A significant degradation in the tank Q was still observed using the bipolar buffer, but the loaded enhanced Q was still greater than the unloaded un-enhanced Q and the input noise was measurable. 
C. Linearity Measurement
A practical method of measuring the linearity performance of the circuit is to drive the tank with a 50-power source and to measure the harmonic content of the power drawn by the circuit. Due to the impedance mismatch between the 50-source and the high-impedance Q-enhanced tank, a directional coupler is required to isolate the power incident on the tank from the reflected power as shown in Fig. 15 .
A measurement analogous to the 1-dB compression point of the circuit can be obtained by sweeping the input power to the tank and measuring the reflected power. Since the impedance of the tank at resonance is essentially an open circuit compared to 50 , the reflection coefficient at the device is almost unity. The reflected power measured at the spectrum analyzer is, therefore, the incident power reduced by the attenuation through the directional coupler and the cables, which was 21.5 dB in our measurement setup. As the input power is increased, the input impedance presented by the Q-enhanced tank begins to drop due to nonlinear effects, which can be observed when the reflected power no longer depends on the input power in a linear fashion as shown in Fig. 16 . Second-and third-order harmonic components are also observed. At the 1-dB compression point, the incident power to the device is dBm corresponding to an rms voltage swing of 167 mV. Since the device is essentially open circuit, the voltage will be double this value, i.e., 334 mV.
A measurement analogous to the third-order intercept point of the circuit can be obtained by sweeping a two-tone input power to the tank and measuring the third-order intermodulation products. This was measured using the setup shown in Fig. 15 where the signal source was replaced with two signal sources combined to produce a two-tone signal centered at the tank resonant frequency and spaced 1-MHz apart. The results are shown in Fig. 17 . At the IP3 intercept point the measured reflected power at the spectrum analyzer was 16.5 dBm, corresponding to signal power of 5 dBm at the device. The voltage swing at the IP3 intercept is, therefore, approximately 800-mV rms.
IV. APPLICATION TO MONOLITHIC FILTERS
Soorapanth and Wong [4] have demonstrated the application of a Q-enhanced series-resonant circuit to the realization of a bandpass-filter structure, requiring an array of RF chokes to provide dc bias to the circuit. The use of the Q-enhanced parallel LC tank in the design of a monolithic series-C coupled resonator bandpass filter is shown in Fig. 18 .
The capacitor values required to realize a bandpass filter centered at 2.44 GHz with a bandwidth of approximately 100 MHz are in the 200-5-pF range. The corresponding inductors have values of 2 nH. With the tuning FET eliminated and the inductors enhanced to a high-Q value, the filter achieves a simulated insertion loss of approximately 0 dB in the passband, a noise figure of 23 dB, and an IP3 of 15 dBm, consuming 3 mA from a 1.8-V supply. This performance is comparable to that presented in [4] . The proposed circuit may be biased without RF chokes. The simulations indicated that including the tuning FET has the benefit of facilitating the tradeoff between noise and linearity versus power consumption as it provides one more degree of freedom for the designer. The weaknesses of the circuit remain the small tolerances required for the capacitor values, distortion and the need for precision biasing. To overcome the precision biasing problem, self-tuning circuits can be used as shown in [4] . To overcome second-order distortion a differential implementation of the M1-M2 circuit may be employed.
V. CONCLUSION
A tunable Q-enhancement technique for monolithic spiral inductors in parallel resonant LC tanks has been presented. Electrical behavior, stability, noise, and distortion were described. The circuit was fabricated in a 0.18-m CMOS logic process with a low-resistivity epitaxial substrate. The measured input reflection coefficient and input referred noise of the Q-enhanced LC tank agreed well with simulated results. Tunability of the enhanced Q was also demonstrated and two stabilization techniques were proposed. The tunability of the Q factor of the parallel resonant tank facilitates its potential use in automatically tuned RF coupled resonator filter structures.
